Infection of susceptible cells by herpes simplex virus (HSV) can lead to productive infection or to latency, where the genomes persist in the nuclei of peripheral neurons in a quiescent state. Using the HSV strain d109, which does not express any viral genes and thus establishes a quiescent state in most cells, we observed that a fraction of genomes circularized upon infection. The expression of infected cell protein (ICP) 0, which is known to be involved in reactivation from latency and the promotion of productive infection, inhibited the formation of circular genomes. Circular genomes were not observed upon infection of fully permissive cells by wild-type virus, in either the presence or absence of viral DNA replication. However, productive infection in the absence of ICP0 resulted in the accumulation of a subpopulation of circular genomes. The proportion of circular genomes formed during infection with an ICP0 mutant was greater at low multiplicity of infection, a condition in which ICP0 mutants replicate poorly. In the complete absence of viral gene expression, it was found that only circular genomes persisted in cells. These results suggest that circularization of the HSV genome may not occur early in the productive phase of wild-type HSV infection, but rather during establishment of a quiescent state or latency, providing a possible strategy for long-term persistence. Additionally, the circularization and possible fate of HSV genomes are regulated by an activity of ICP0.
H
erpes simplex virus 1 (HSV-1) can establish both productive and latent infections. Productive infection with HSV-1 results in epithelial lesions, such as cold sores, and can lead to latent infection in the trigeminal ganglia of neurons that innervate the primary site of infection (1) . During latency, the viral genome persists in a largely repressed, chromatin-associated state (2) that can be derepressed or reactivated to produce recurrent productive infections. The HSV-1 immediate early (IE) infected cell protein (ICP) 0 is crucial for reactivation (3) (4) (5) .
The HSV genome is a linear double-stranded DNA molecule existing as four isomers that differ with respect to the orientation of a long and a short region about a joint (6, 7) . Both the long and short regions are bracketed by inverted repeats, and a 250-to 500-bp sequence (termed the ''a'' sequence) is directly repeated at the genomic termini (8) (9) (10) (11) . Inverted copies of the a sequence are also present at the joint. During both productive and latent infections, the genome assumes a configuration indicative of end-joining, because genomic joint sequences increase in abundance relative to their homologous counterparts at the genomic termini (12) (13) (14) (15) . End-joining can occur in the presence of inhibitors of protein synthesis, which has been interpreted as the circularization of the HSV genome as a function of cellular mechanisms (12, 13) . Consequently, it is thought that circularization of viral genomes occurs before the onset of productive or latent infections, suggesting that this process occurs independent of the type of infection established. In addition, it provides the foundation for the current model that HSV-1 genomes replicate initially by a theta mechanism (16) . However, an increase in joint regions can also result from the formation of concatemers, complicated branched structures that result during replication, or possibly from intermolecular ligation or recombination. Therefore, circularization of HSV-1 genomes has not been clearly demonstrated during productive infection.
In the present study we differentiate among circular, linear, and higher order genomic structures to test the hypothesis that the HSV genome circularizes in the absence of viral gene expression. We also determined the abundance and persistence of circular genomes during productive and quiescent infections. Quiescent infection was achieved by using an HSV-1 mutant, d109, which does not express the five HSV IE proteins and contains an enhanced GFP (EGFP) transgene under control of the human cytomegalovirus IE promoter (17) . In cultured cells, d109 establishes a persistent and quiescent state, in which EGFP expression is largely repressed, but can be activated by providing ICP0, in trans (17, 18) . These characteristics are similar to events that occur during latency and reactivation from latency.
ICP0 is an E3 ubiquitin ligase (19, 20) and has been proposed to promote lytic infections by destabilizing cellular proteins that inhibit the lytic viral life cycle. ICP0 is known to induce the degradation of proteins associated with nuclear domain 10 (ND10) bodies (21) , which are discrete nuclear foci where HSV-1 genomes may localize early during infection (22) . Interestingly, recent studies have suggested that these foci are sites of DNA double-strand break repair (23) . The ends of linear HSV-1 genomes may be treated as double-strand DNA breaks and subsequently repaired by circularizing genomes early during infection (16) . Therefore, we also addressed whether ICP0 affects the circularization of the HSV genome, possibly providing an additional basis for its role as an effector of lytic and latent infections.
During long-term persistent infections, d109-infected Vero cells were cultured in medium with 2% FBS and incubated at 34°C.
Gardella Gels. Gardella gels were performed essentially as described (26) . Briefly, an Ϸ25-cm ϫ 15-cm horizontal agarose gel was poured such that the upper portion (Ϸ3 cm), where the wells were molded, contained 2% SDS, 1 mg͞ml proteinase K, and 0.8% type II-A, medium EEO agarose (Sigma) in TBE (0.09 M Tris-base, 0.09 M boric acid, 2 mM EDTA, pH 8.0). The lower portion of the gel (Ϸ22 cm) contained 0.75% agarose in TBE. Infected cells were washed with Tris-buffered saline (TBS; 0.14 M NaCl͞2.7 mM KCl͞25 mM Tris-base, pH 7.4), scraped into TBS, and then pelleted by low-speed centrifugation. Nuclei were isolated as described (24) . For each Gardella gel, 5 ϫ 10 6 infected cells or nuclei were resuspended in 50 l of loading dye (15% Ficoll, 0.01% bromophenol blue) and then loaded into each well. Gels were run for 3 h at 45 V to efficiently lyse the cells, and then 38 h at 120 V to separate circular from linear viral genomes. Gels were analyzed by Southern blot as described (17) . For quantitative analysis, the filters were analyzed by a Storm 840 imaging system (Molecular Dynamics).
The probe used to detect d106 and d109 on Southern blots consisted of a 1.6-kb PacI fragment of pucGFP (17) , containing the EGFP gene under control of the human cytomegalovirus IE promoter. The probe used to detect KOS, d99, and n212 genomes was the 1.8-kb BamHI-Y fragment of pKBY, which contains a portion of the ICP4 gene of HSV-1. The plasmid 1040 (provided by David Rowe, University of Pittsburgh), which contains the internal repeats of the Epstein-Barr virus (EBV) genome, was used to detect EBV genomes. Vero cells per lane, were excised from Gardella gels. The locations of the bands in the gel were determined by conducting a Southern blot as described above on lanes from the same gel, and by using the resulting autoradiogram as a guide to excise the bands from the remainder of the gel. DNA was eluted from each gel slice in 0.5ϫ TBE in dialysis bags for 6 h at 120 V. The eluted DNA was digested with both BamHI and SacI (New England Biolabs) according to the manufacturer's instructions. The digested DNA was then analyzed by Southern blot by using the BamHI Y fragment as probe, as described above.
Results
Previous studies suggesting that the viral genome circularizes before viral DNA replication and during latency (12, 13, 15) did not rule out that the observed end-joining could be due to the formation of concatemers or more complicated branched structures. Gardella gels resolve large circular forms from their linear counterparts, as was first demonstrated in a study distinguishing persisting circular EBV episomes in Raji cells from their linear counterparts in virions (26) . This analysis has also been used to establish that the varicella-zoster virus circularizes shortly after infection (27) . To examine changes in the HSV genome subsequent to infection and in the absence of viral gene expression, d109-infected cells were applied to a Gardella gel. Within 1 h postinfection, we observed a band of lower mobility than the linear virion DNA that increased in intensity up to 6 h (Fig. 1A) . About 7-10% of input genomes were converted to this form. Similar results were obtained when nuclei were analyzed (Fig.  1B) , suggesting that many genomes associated with nuclei did not circularize at this moi. In contrast, the lower-mobility species was not observed with d106-infected cell or nuclei samples (Fig. 1 ). d106 genetically differs from d109 in that the ICP0 gene is intact, and thus ICP0 is expressed in d106-infected cells (17) . Early and late viral genes are poorly expressed, if expressed at all, because d106, like d109, is deleted for both copies of ICP4 (28) . Consequently, neither virus replicates. Material hybridizing to the probe was not observed in the wells of any of the samples.
A series of experiments were conducted to further characterize the low-mobility form of the d109 genome. Gardella gels are very sensitive for resolving large linear forms from their circular counterparts; however, they are not as sensitive for resolving linear or circular molecules of similar size (26) . Therefore, a circular genome of a size similar to HSV would have a mobility similar to the low-mobility form of the d109 genome, if this form were circular. The 178-kb EBV genome in Raji cells is circular and readily resolved from linear EBV genomes on Gardella gels (26) . The low-mobility form of the d109 genomes (Ϸ130 kb) had a slightly reduced mobility relative to circular EBV genomes in Raji cells ( Fig. 2A) . This observation suggests that the form of the d109 genome is circular. To further test the hypothesis that the low-mobility form of the d109 genome was circular we eluted this material from a Gardella gel (Fig. 2B ) and performed restriction enzyme digestions and Southern blots probing for genomic joints and termini (Fig. 2C) . Circular genomes should reveal only genomic joints when blots are hybridized with a probe homologous to both termini and joints. The ratio of joint-toterminal fragments was considerably greater for the low-mobility form (Fig. 2C, lane c) relative to the ratio observed for eluted linear DNA (Fig. 2C, lanes b and d) . The small number of terminal fragments detected in the material eluted from the low-mobility band was most likely due to contaminating linear DNA, because terminal fragments were detected when the same region was analyzed from the gel track containing virion DNA (Fig. 2C, lane a) . Therefore, based on the mobility relative to circular EBV and the enrichment for joint regions relative to linear DNA, we conclude that the low-mobility form of the d109 genome is circular.
At a high moi, only a relatively small proportion of input d109 genomes circularized (Fig. 1 A) . Therefore, we next determined the fraction of d109 genomes that circularized as a function of moi. Forty-five percent of adsorbed d109 genomes circularized at a moi of 1 PFU per cell, and this proportion decreased as a function of increasing moi (Fig. 2D) . The degree of circularization at a moi of 0.3 PFU per cell was also relatively high. The greater degree of circularization at a lower moi was also evident in the infections with the ICP0 mutant, d99 (Fig. 4) . This result suggests that in Vero cells there is a limited capacity for the cell to support circularization. Similar results were observed in human embryonic lung cells (data not shown). However, given that circularization occurs in the absence of viral gene expression, it is likely that the capacity of a given cell type to support circularization of the HSV genome will vary. Fig. 1 A also suggests that circularization occurs within 6 h postinfection. To obtain an accurate view of the kinetics of circularization, 3 PFU per cell of d109 were adsorbed to a monolayer of Vero cells at 4°C for 1 h, and then incubated at 37°C for different times. Following adsorption, there was a 1-h lag, after which time genomes began to circularize (Fig. 2E) . At this moi, Ϸ15% of the genomes were circular after 24 h (Fig. 2D) , so the amount of circularization seen at 6 h postadsorption represents maximum circularization. These kinetics follow those for the previously published kinetics of HSV entry (29) ; however, they are relatively slow, considering that, at 6 h postadsorption, progeny virions are beginning to be produced in a productive infection. Additionally, at 1 h postadsorption, physiologically significant levels of ICP0 are expressed in a productive infection (18) .
The expression of ICP0 from the d106 genome precluded the formation of circular HSV genomes (Fig. 1 A) . ICP0 is overexpressed from the d106 genome relative to wt HSV, leading to aberrant alterations of host cell metabolism (18, 30) . However, when driven from the E4 promoter in an adenovirus vector deleted for the E1, E3, and E4 regions, the expression of ICP0 is Ͼ1,000-fold less than that from d106, and is similar to that in the first hour of wt HSV infection (18) . When cells were coinfected with d109 and the adenovirus expressing ICP0, the human cytomegalovirus IE promoter EGFP transgene on the d109 genome was quantitatively activated (Fig. 3A) , as demonstrated (18) . In addition, the d109 genomes did not circularize in cells infected with the adenovirus expressing ICP0 (Fig. 3B) , again demonstrating that the expression of ICP0 inhibits the circularization of the HSV genome. The empty adenovirus vector had no effect on EGFP expression from d109 or on the circularization of the d109 genome. The probe used in this experiment contains the human cytomegalovirus IE promoter, allowing the simultaneous detection of both d109 and the adenoviruses. Similar quantities of linear adenovirus genomes can be seen in the lanes containing samples from both adenovirus infections. The mobility of the linear adenovirus genome relative to the linear HSV genome is consistent with previous results (26) . These results demonstrate that the very low levels of ICP0 are sufficient to inhibit circularization.
Because ICP0 is synthesized before HSV DNA replication, the observation that the levels of ICP0 synthesized very early in infection can inhibit circularization of the genome presents a paradox, in that previous studies examining end-joining have put forth the hypothesis that wt HSV genomes circularize, and that this circular form may serve as the template for genome replication (16) . To address this paradox, samples of wt (KOS) and ICP0 mutant (d99) virus-infected cells were analyzed on Gardella gels (Fig. 4) . d99 is deleted for both copies of ICP0 (17) . ICP0-defective mutants are replication-competent; however, they replicate slowly at low moi, and not every infectious center initiated by a single virion results in a plaque (31, 32) . ICP0 is thought to function very early in infection, increasing the probability that an infection will proceed through the entire lytic cycle. The growth defect of ICP0 mutants is diminished at high moi (31, 32) . Accordingly, cells infected at a moi of 20 ( Fig. 4A ) and 1 (Fig. 4B ) PFU per cell were used for the analysis. In addition, samples of cells infected with d109 at the corresponding moi were included on each gel along with samples of cells infected with the test virus in the presence of PAA to inhibit viral DNA replication.
At a moi of 20 PFU per cell, hybridizing material began to accumulate in the wells beginning at 2 h for KOS and 4 h for d99 (Fig. 4A) . The DNA in the wells is consistent with replicating DNA because this material was not observed in the presence of PAA. Moreover, there was an increase in the abundance of linear forms beginning at 4 h for KOS and 6 h for d99; these are inferred to be processed progeny genomes. With KOS there was no evidence of the accumulation of material that comigrated with circular d109 genomes, in the presence or absence of PAA (Fig. 4A) . However, there was a low but detectable level of circular genomes in d99-infected cells, in both the presence and absence of PAA. An overexposure of the d99 (moi ϭ 20 PFU per cell) gel shown in Fig. 4C clearly documents the presence of circular genomes. Overexposure of the KOS gel failed to reveal the presence of circular genomes (data not shown). The difference between KOS and d99 was more pronounced at low moi (Fig. 4B) . In KOS-infected cells, replicative DNA (DNA in the wells) became evident by 4 h postinfection, although there was no evidence of circular genomes in the presence or absence of PAA. In contrast to KOS, a significant amount of circular genomes were seen in d99-infected cells (Fig. 4B) . Circular genomes became evident very shortly after infection and increased in abundance up to 6 h postinfection. The proportion of circular relative to linear genomes accumulating in the presence of PAA in d99-infected cells was similar to that in d109-infected cells. Lastly, because d99 is entirely deleted for both copies of ICP0 (17), we tested another ICP0 allele, n212, to minimize the possibility that unknown genetic elements in the ICP0 region are responsible for the observed effect. n212 exhibits no ICP0 activity by virtue of stop codons at residue 212 in both copies of ICP0 (3). Fig. 4D demonstrates that the circularization of the n212 genome was similar to that of the d99 genome. Therefore, the accumulation of circles occurs in a productive infection in the absence of ICP0, and is more pronounced at low moi, a condition in which genome replication and virus production are limited.
At low moi, the abundance of linear KOS and d99 genomes remaining after a 6-h incubation in the presence of PAA was reduced relative to the amounts of input genomes and genomes present at early times postinfection (Fig. 4B) . This reduced abundance raises the possibility that linear nonreplicating genomes may be somewhat unstable. d109 and other viruses limited in the expression of HSV IE proteins are not toxic to cells, and their genomes have been demonstrated to persist in cultured cells in a quiescent state (17, 33, 34) . Therefore, to determine the relative stability of circular versus linear genomes, the fate of persisting d109 genomes in Vero cells was determined with respect to the abundance of linear and circular forms (Fig.  5) . Shortly after infection with d109, Ϸ7-10% of the genomes circularized. The steady-state level of circular d109 genomes decreased somewhat over the course of 27 days. However, the abundance of linear genomes decreased dramatically such that by 27 days postinfection only circular forms were detectable. Therefore, circular genomes are more stable and are the predominant form of persisting HSV genomes in quiescent infections.
Discussion
Using Gardella gels we have demonstrated that a fraction of input HSV genomes circularized after infection in the absence of viral gene expression from the d109 genome (Fig. 1) . This result is consistent with previous observations of end-joining (12) and ''well DNA'' in pulse-field gels (13) of virus genomes in the presence of inhibitors of protein synthesis. However, the previously observed end-joining and well DNA in pulse-field gels during productive infection is not consistent with our observations, if it is interpreted to be due to circularization of the genome. We failed to observe circular wt (KOS) genomes during productive infection (Fig. 4) . Therefore, the previously observed end-joining and well DNA in pulse-field gels may represent replicative intermediates and͞or recombination products. The failure to observe circular genomes in wt HSV-infected cells before the onset of DNA synthesis suggests that circular genomes may not be the initial replication template.
Another observation that argues against the circularization of the genome before DNA replication is the lack of circularization during infections aborted before DNA replication. d106, which is similar to d109 except that its ICP0 genes are intact, did not circularize (Fig. 1) . Circular genomes were also not observed during wt infection in the presence of PAA (Fig. 4) , which inhibits the activity of the HSV DNA polymerase (35) . The failure to observe circular genomes in the presence of PAA is significant because all of the viral proteins required for DNA replication are present, and all of the events that lead up to DNA replication have occurred. Previous studies also did not demonstrate end-joining in the presence of PAA (12) . Those authors also concluded, as we have, that the linear genomes present during infection in the presence of PAA were less stable. In contrast, it was recently reported that the ratio of genomic termini to joint regions decreases upon infection of CV-1 cells by wt virus in the presence of PAA (36) . However, it is possible that this decrease is due to exonucleolytic degradation of linear genomes, which would tend to decrease the termini to joint fragment ratio and be consistent with the decreased stability of linear genomes observed by others (12) and us. An additional result consistent with our observation was that the ''well hybridization'' to HSV sequences in pulse-field gels of HSV-infected cells was sensitive to PAA (13). Garber et al. (13) subsequently stated that they had not ruled out the possibility that DNA molecules other than circles might serve as initial templates for viral replication (13) . In our studies, the temporal pattern of hybridization on Gardella gels proceeds from linear genomes, to DNA in the wells, and then to an increase in the abundance of linear genomes, without detectable amounts of unit-length circular intermediates (Fig. 4) . Genome replication may proceed from the three origins on linear genomes producing complicated branched structures that are modified and͞or resolved by homologous recombination and by the viral cleavage͞packaging machinery. Therefore, additional models to describe the initiation of HSV DNA replication should be tested.
ICP0 inhibited the formation of circular genomes (Figs. 1, 3 , and 4). In particular, the level of ICP0 expressed from the adenovirus construct used in this study is sufficient for the activation of quiescent HSV genomes, the complementation of HSV ICP0 mutants, the inhibition of a virion-induced cellular antiviral response, and the disruption of ND10 (18, 37) , all processes potentially relevant to the equilibrium between latency and productive infection. We propose that the inhibition of circularization by ICP0 is an additional mechanism for how ICP0 may regulate the balance between the productive and latent modes of the HSV life cycle. The expression of ICP0 very early in infection inhibits circularization. Interestingly, circles have been detected in Gardella gels of varicella-zoster virus-infected cells (27) , and by electron microscopy in pseudorabies virus infection (38) . However, the varicella-zoster virus Orf61 and pseudorabies virus ICP0 homolog, which both possess structural and functional similarities to HSV ICP0 (39, 40) , differ from HSV ICP0 in that they are expressed later in infection with these viruses. A fraction of varicella-zoster virus and pseudorabies virus genomes may circularize before the synthesis of the ICP0 homologs. In the case of HSV, it may be that linear molecules serve as better templates for viral DNA replication. If this is the case, the circular genomes accumulating during low-moi productive infections with ICP0 mutants ( Fig. 4 ) may in part explain why ICP0 mutants are significantly impaired for replication at low moi. The relative efficiency with which circular and linear genomes serve as templates for replication and transcription will need to be examined to test this hypothesis.
The mechanism by which ICP0 inhibits circularization may involve the targeted degradation of cellular proteins involved in end-joining, which may be due to either homologous recombination or nonhomologous end-joining of the genomic termini. The latter process requires the DNA-dependent protein kinase (41) , which has been shown by two groups to be targeted for degradation by ICP0 (42, 43) . Interestingly, the adenovirus E4 region has also been shown to disrupt ND10 bodies (44) , induce the degradation of DNA repair proteins (45) , and inhibit the concatemerization of genomes (46) . However, because proteins involved in both homologous recombination and nonhomologous end-joining (23), as well as ICP0 (47) , can be found at ND10 structures, a number of possible mechanisms for the inhibition of circularization by ICP0 will need to be tested.
The circular form of the genome produced in the absence of ICP0 was more stable in cells relative to the linear structures, providing a mechanism for long-term persistence of genomes in cells. In d109-infected cells, the circular form was the only form persisting 1 month after infection (Fig. 5) . Therefore, in an environment such as neurons, where the abundance and͞or activity of ICP0 is regulated or reduced (48, 49) , the genomes in some infected cells may circularize, leading to persistence and latency, whereas in others they may remain linear, resulting in an abortive or lytic infection, depending on the abundance of other viral regulatory and replication proteins.
